has allowed the demonstration of plasmid-like mini-circle DNA in the absence of known genetic functions for the presumed extrachromosomal elements (5, 12, 19, 23) .
Approximately 3% of the deoxyribonucleic acid (DNA) of Bacillus pumilus NRS576 can be isolated as covalently closed, circular duplex molecules of homogeneous size. The mol wt of the 576 plasmid is approximately 30 million. NRS576 (plasmid+) is oligosporogenic; less than 1% of the cells form spores during incubation in liquid AK sporulation medium. Variants that form spores at a high frequency (greater than 50% spores in 24 h) occur spontaneously at a frequency of approximately 10'. More than 25 such variants have been examined and all lack detectable plasmid DNA. A relationship appears to exist between the oligosporogenic properties of NRS576 and the presence of the 576 plasmid.
The existence of extrachromosomal genetic determinants (plasmids) is well documented for members of the Enterobacteriaceae, Staphylococcus aureus, and species of Pseudomonas (4, 8, 9, 18) . Those plasmids which have been mo §t extensively studied are characteristically small, covalently closed, circular duplex deoxyribonucleic acid (DNA) molecules which confer on the host known genetic functions. Examples of plasmid-directed host properties include the ability to conjugate, resistance to antibiotics and/or inorganic ions, and the production of colicins (18) . Although most known plasmids were initially detected because of their genetic influence on the host, the development of biochemical techniques which permit the isolation of small, circular, duplex DNA molecules (21) has allowed the demonstration of plasmid-like mini-circle DNA in the absence of known genetic functions for the presumed extrachromosomal elements (5, 12, 19, 23) .
Evidence for naturally occurring plasmids in sporeforming bacteria is presently limited to a study of the plasmid-like minicircular DNA isolated from Bacillus megaterium (3) . Approximately 30 to 40% of the DNA of a strain of B. megaterium can be isolated as small, circular duplex molecules of sizes ranging from 0.8 to 34 ,um. These heterogeneous minicircles share extensive nucleotide sequence homology with the chromosomal DNA (Henneberry and Carlton, 1971, Bacteriol. Proc., p. 45; manuscript in preparation), and no genetic function has been attributed to them. It is presently unclear whether any of these heterogeneous minicircles are functionally analogous to plasmids, or whether they represent degraded and circularized chromosomal DNA.
In the present report, evidence is presented which demonstrates that approximately 3% of the DNA of a strain of B. pumilus (a species related to B. subtilis [15] [16] [17] 24] ) can be isolated as circular duplex molecules of homogeneous size. Spontaneous variants that exhibit an increased frequency of sporulation lack detectable plasmid DNA.
MATERIALS AND METHODS Bacteria. B. pumilus NRS576, obtained from R. E. Gordon, is sensitive to the transducing phage PBP1 (13) and does not exhibit the high rate of spontaneous mutation that is characteristic of a previously described strain of B. pumilus (14) . In several experiments, two nitrosoguanidine-induced (16) auxotrophic derivatives of NRS576 were used. One required adenine and the other required phenylalanine.
Growth media and conditions. Spizizen minimal glucose medium (25) 16 ; 50 ug/ml) were added, and the suspension was incubated at 37 C for 40 min. TES buffer (2 ml), Sarkosyl NL-30 (to 0.8%), and predigested (37 C, 1.5 h) Pronase (to 500 gg/ml) were added, and incubation was continued for 30 min. The lysate was adjusted to 5 ml with TES buffer, and 6.9 g of CsCl (Penn Rare Metals) was added. A 7-ml amount of the resulting solution was mixed with 3 ml of ethidium bromide (EB; Calbiochem; 4 mg/ml in 0.1 M sodium phosphate buffer, pH 7.0) and distributed equally between two polyallomer tubes. The tubes were topped with paraffin oil and centrifuged in a Ti 50 rotor at 36,000 rpm and 15 C for 40 to 42 h. Five-drop fractions (approximately 0.1 ml) were collected through holes pierced in the bottom of the tubes. Portions (10 ,liters) of each fraction were dried on Whatman no. 1 filter paper disks (24-mm diameter) and counted in 5 ml of Omnifluor-toluene scintillation fluid (New England Nuclear Corp.). In such gradients, buoyant densities were determined by refractometry (28) . Cleared lysates were prepared as just described with the following exceptions. Sucrose was omitted from the cell resuspension buffer, and the lysate (after the Sarkosyl-Pronase step) was centrifuged at 11,000 x g for 20 min at 4 C. The pellet, which contained over 80% of the total radioactivity, was discarded, and the supernatant fraction was mixed with CsCl. Unless specifically noted, purified 576 plasmid DNA used in this study was isolated from cleared lysates. Plasmid DNA was not further purified after isolation from a CsCl-EB gradient and exhaustive dialysis against TES buffer.
Sucrose gradient centrifugation. Neutral 5 to 20% linear sucrose gradients were prepared in neutral high-salt buffer (0.02 M Tris, 1.0 M NaCl, 0.02 M EDTA, pH 7.5). Linear 5 to 20% alkaline sucrose gradients were prepared in alkaline buffer (0.7 M NaCl, 0.3 M NaOH, 0.02 M EDTA). Isotopically labeled (14C-thymidine) T7 DNA prepared as described by Jones et al. (10) was used as reference; the sedimentation velocity of T7 DNA was taken as 32S in neutral gradients and 37S in alkaline gradients (26) . DNA (2 ,g or less in 0.1 ml) was layered onto 5-ml gradients, which were then centrifuged at 5 C for 3.25 h at 29,000 rpm in an SW50.1 rotor. The tubes were pierced, and dropwise fractions were collected from the bottom. Each fraction was precipitated with cold 5% trichloroacetic acid with bovine serum albumin (0.1 mg per fraction) as carrier. Precipitates were collected on 24-mm glass fiber filters, dried, and counted as above.
Transduction. PBP1 transduction was performed as previously described (13) .
DNA concentration assays. The concentration of purified, phenol-extracted DNA (15) was determined by assuming that an absorbance of 1 at a wavelength of 260 nm is equivalent to 50 Mg of DNA per ml. The concentration of DNA in crude lysates was estimated by a diphenylamine procedure (2) with salmon sperm DNA as reference.
Analytical ultracentrifugation. Unless specifically noted, buoyant density measurements of DNA reported to the third decimal place are the average of two determinations performed in a Beckman model E analytical ultracentrifuge as previously described (15) . Escherichia coli K-12 DNA (p = 1.710 g/cm3) was used as reference.
Electron microscopy. DNA was spread and stained with uranyl acetate (30) and examined in a Zeiss EM9 S-2 electron microscope. Negatives were enlarged and the contours of individual molecules were traced. Lengths were measured with thread. To estimate the molecular weight of the 576 plasmid, equal amounts of plasmid and PM2 DNA (6) (Fig. 1A) . In cleared lysates, 10 to 30% of the DNA banded as satellite material (Fig. 1B) . The fractions containing the minor satellite peak were pooled, dialyzed overnight at 4 C against 8,000 volumes of TES buffer, and used in the following experiments. This material, referred to as 576 plasmid DNA, had a buoyant density in CsCl similar to that of the bulk DNA of the host (see Fig. 4 ).
Incubation of isotopically labeled 576 plasmid DNA (in TES + 0.1 M magnesium sulfate) with deoxyribonuclease (50 jg/ml) for 1 h at 37 C rendered 90 to 95% of the radioactivity soluble in 5% trichloroacetic acid, whereas incubation with predigested Pronase (500 ,g/ml) or ribonuclease (50 Ag/ml) rendered Centrifugation of 576 plasmid DNA through neutral sucrose gradients resolved the DNA into two components, a major component with a sedimentation velocity of 64S (±1%) and a minor component with a sedimentation velocity of 43S (+ 1%) (Fig. 2) . It is presumed that the 64S component consists of a homogeneous collection of closed, circular duplex DNA molecules with a molecular weight of approximately 33.8 x 106 (estimated by using the equation described by Clowes [4] molecules which arise from the 64S closed circles by nicking of a single strand. In alkaline sucrose gradients (Fig. 2) , the plasmid DNA was resolved into a rapidly sedimenting component (120S) which is presumed to consist of the closed circular form, and a slowly sedimenting component (approximately 40S converted the material sedimenting f alkaline sucrose gradients to the mat menting at 40S (Fig. 3) . The fact transition occurred in a discontinuou is consistent with the interpretation 576 plasmid is a circular duplex (29) . Closed, circular duplex DNA mol more resistant to alkaline denaturatio linear duplex molecules (1). To dete sensitivity of 576 plasmid DNA t conditions, plasmid DNA (labeled thymidine) was mixed with bulk DN. with 3H-thymidine) extracted from N the phenol method. A portion of th was adjusted to pH 12.5 and then neul pH 7.5. (In a separate experiment, I ment increased the buoyant density i extracted NRS576 DNA from 1.701 g/cm3 as determined in an analytical trifuge.) The treated and untreated ] tures were centrifuged to equilibriur gradients (no EB). From the resul experiment (Fig. 4) , it is concluded plasmid DNA is more resistant t( denaturation than is the bulk DNA of Examination of purified 576 plasmi electron microscopy showed molecu open circular form (Fig. 5) at 120S in The approximate molecular weight of the 576 ;erial sedi-plasmid is assumed to be the average of the that this molecular weights determined by sucrose gradiis manner ent analysis (33.8 x 106) and by electron microsthat the copy (27 x 106). This value, 30.4 x 106 daltons, is considered tentative because difficulties in ecules are determining the molecular weight of supern than are coiled DNA by both methods have been re--rmine the ported (7, 8 (Fig. 6) . The absence of detectable plasmid DNA appears to be a characteristic unique to the W mutants, because the plasmid has been detected in DNA extracted from spontaneous mutants of NRS576 selected for resistance to an uncharacterized bacteriophage, 5-methyl tryp- spect to sensitivity to several antibiotics and inorganic ions, nutritional requirements, ability to use several mono-and disaccharides as sole carbon source, sensitivity to killing by ultraviolet irradiation, and to four bacteriophages, including PBP1 (13) , which appear specific for strains of B. pumilus. Transduction of auxotrophic markers between the two strains occurs at the normal frequency (13) , and induction of either cell type with mitomycin C (14) does not produce an activity which kills or forms plaques on the other. Attempts to enhance the frequency of appearance of the W mutants by growth of NRS576 in Penassay broth containing acridine orange (10 to 50 ug/ml), 10-M EB, or 0.002% sodium lauryl sulfate, were unsuccessful. DISCUSSION The physical properties of the 576 plasmid do not appear to differ fundamentally from the properties of the more thoroughly studied plasmids of E. coli and S. aureus (4) . For instance, the buoyant density of the element is similar to that of the chromosomal DNA of the host. The molecular size of the 576 plasmid is about seven times that of a small E. coli plasmid, the ColEl factor (1, 22) , and nearly half the size of the F factor (11, 20, 27) . An estimate of the number of copies of 576 plasmid per chromosome can be obtained by assuming that the molecular weight of the NRS576 chromosome is within the range of 2.5 x 109 to 5 x 109. The resulting value of 2 to 5 plasmid copies per chromosome is a lower limit, and is dependent on the percentage of the in vivo plasmid DNA which is extracted in the supercoiled form.
The association of the 576 plasmid with the oligosporogenic property of NRS576 suggests that the element may influence sporulation, either directly or indirectly. Three general mechanisms to explain the apparent relationship between a plasmid and sporulation are considered below.
In both the E. coli and staphylococcal systems, plasmids are spontaneously lost at a relatively high frequency (18 The third alternative to be considered is that the W mutants may result from a spontaneous mutation on the chromosome. A secondary effect of this mutation could be either the inability of the cells to maintain the plasmid or the conversion of the plasmid to a physically altered form that is not detected by the CsCl-EB technique, e.g., the open circular form.
The available information does not allow exclusion of any of these proposals from consideration. However, based on the precedents established in the plasmid systems of E. coli and S. aureus, it would seem likely that segregation of the W mutants is the result of plasmid loss. The demonstration of a plasmid-linked genetic characteristic which can be used for selection in reversion studies and transductional analysis will facilitate further study with this system.
